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ABSTRACT 
Wettability variation of aluminum electrode surfaces was determined using a Wilhelmy-type apparatus, in which the 
pull force exerted by the electrolyte solution  the electrode was measured at each switching of the electrode potential, 
for a periodically reversed step potential. The data obtained for aluminum and amalgamated lectrodes show that metal- 
liquid surface tension is sensitive to the applied potential mainly through its effect on the chemical composition of thein- 
terface. The gradient of wettability induced by chemical reactions generates a displacement of the meniscus during the 
periodic polarization pulses. Wettability of aluminum surfaces in contact with H2SO4 solutions depends on the acid con- 
centration, in agreement with previous results for iron-sulfuric acid systems. 
Our knowledge of double layer structure is largely due 
to mercury-solution i terface measurements (1-5). How- 
ever, solid metal-solution i terfaces are of more practical 
interest because of the role they play in electrocatalysis 
and corrosion phenomena. Double layer investigations at
solid electrode-solution interfaces are complicated by the 
inapplicability of direct interfacial tension measurements, 
as well as by the contribution of geometrical effects and 
pseudocapacities to capacitance measurements. Other 
complications are related to the formation of adsorbed 
monolayers of hydrogen and oxygen and the difficulty of 
obtaining renewable surfaces which can be contaminated 
by trace impurities in solutions (6, 7). 
A number of methods have been used in the past for the 
determination of potentials of zero charge at both single- 
crystal and polycrystalline metal-solution i terfaces (8, 9). 
In the case of polycrystailine metals, the effects of double 
layer structure on various properties of metals have been 
investigated (10-16). Recently Murphy and Wainright de- 
termined the potential of zero charge for gold foil using a 
procedure consisting of a potential step preceded by a 
change in the position of the foil (17). Considerable dis- 
crepancy exists between values determined by the various 
methods. 
In this paper a method for the measurement of the 
change in interfacial tension at the solid electrode-solution 
interface as a function of electrode potential is described. 
In a previous communication (18) we have reported that 
the level of the solution surrounding an iron electrode 
moves up and down in synchronism with the current oscil- 
lations. This movement is associated with the different 
wettability states of the electrode surface for two different 
electrode polarizations (19). In the present paper we meas- 
ured this difference of wettability for aluminum elec- 
trodes. These surface wettability changes are associated 
with reactions at the electrode surface. Moreover, wetta- 
bility changes produce local liquid turbulence and thus 
have an important effect on the corrosion current ampli- 
tude (20). The objective of our measurements is to investi- 
gate the wettability variation with concentration at the 
electrode surface, as well as its consequences. 
Experimental Method 
Wettability was measured with a Wilhelmy-type appa- 
ratus in which the solid is allowed to touch a liquid and the 
resulting pull force is measured. At equilibrium, the meas- 
ured force over a rod is given by 
F = 2~r~lg cos O [1] 
where r is the rod radius, ~]~ is the electrolyte surface ten- 
sion, and 0 is the electrode-electrolyte contact angle. 
Under nonequilibrium conditions the measured force 
depends also on factors such as the rate of electrode im- 
mersion and nonuniformity of surface stresses along the 
metal surface, both contributing to the variance of meas- 
urements. The buoyancy effect of the solid immersion and 
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the variable lectrode shape due to corrosion have also to 
be considered as well as the time variations of local con- 
centration of electrode reaction products. 
To begin the discussion of this method let us consider 
the structure of the meniscus shown schematically in 
Fig. la. Macroscopic observations point to the existence of 
a simple "wedge" which defines an apparent contact angle 
O and a line A perpendicular to the figure where the solid, 
the liquid, and the gaseous phases intersect (three-phase 
line). Above the wedge there is a film of submicrometer 
average thickness (21). Initially, the electrode is semi- 
immersed in the electrolyte, resulting in a meniscus rise 
that corresponds to the equilibrium state described by 
Eq. [1]. For a nonreacting metal the equilibrium should be 
attained after a few minutes due to the slow meniscus rise. 
If, however, there is a chemical reaction going on at the im- 
mersed electrode surface, the reaction products will alter 
the solid-liquid surface tension %l. The wettability changes 
which occur at the solid-liquid interface at the meniscus 
region give rise to an unbalanced Young force 
h~ =-~ hF/2~r = ~l~h(cos O) (21), as shown schematically in
Fig. lb. Consequently the meniscus is continuously dis- 
placed upwards, due to cyclic reaction events and ad- 
vancement of precursor liquid film (21); as a result, a con- 
tinuously renewed metal surface is obtained. For the 
present electrode configuration the current distribution is 
highly nonuniform, resulting in a nonuniform and time- 
dependent concentration distribution. Equilibrium values 
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Fig. 1. (a) Schematic diagram of the farces acting at the meniscus. 
~',l, ~19, ~/,g are the solid-liquid, the liquid-gas, and the solid-gas interfa- 
cial tensions, respectively and 0 is the contact angle. (b) The diagram 
shows the contribution of the unbalanced Young force, ~g - ~(cos ~)), 
generated by the variation of the nature of coverage on the immersed 
part of the electrode. 
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Fig. 2. Experimental set up is basically a Wilhelmy-type apparatus. 
The cell is a U-shaped Pyrex glass cylinder. A controllable adjustment 
of the glass position with respect to the balance is possible by using mi- 
cromanipulators (not shown). 
of 0 were not obtained in our measurements probably be- 
cause of the nonsteady concentration and of surface 
changes at the meniscus region. Another factor that ought 
to be considered is the variable shape geometry generated 
at the electrode surface due to corrosion, which is impor- 
tant only in a long time scale (>>10 min) due to the small 
electrode current (-1 mA/cm2). 
To separate the effect of some electrode surface changes 
(e.g., metal consumption, accumulation of reaction prod- 
ucts and roughness), from the effect of the potential- 
dependent surface composition, electrode pull changes 
were measured synchronistically with electrode potential 
variations. In this case, synchronous detection improves 
signal to noise ratio due to background signal elimination. 
Because of the high affinity of the aluminum surface for 
oxygen this metal is always covered with oxide, even after 
a long period of hydrogen evolution. We call this oxide 
layer "adjacent to the metal surface oxide coating" 
(AMOC). 
Apparatus and Materials 
A diagram of the experimental pparatus used is shown 
in Fig. 2. It is an improved version of our previously de- 
scribed instrument (19, 20). It consists of a Mettler AE 163 
balance (sensitivity 10 ~g) with a data acquisition unit. The 
balance is suspended by a metallic structure under which 
a glass container is placed, as shown in Fig. 2. The electro- 
lyte is placed in this container and a liquid surface is 
formed. The electrode tip is partially immersed in the elec- 
trolyte and its position is adjusted by means of micro- 
manipulators. The electrode is a metallic wire suspended 
from the balance beam. An electrical connection is macle 
to it to allow potentiostatic or galvanostatic control. The 
complete apparatus stands on a vibration-free table and in- 
Fig. 3. SEM photograph showing a cracked thin oxide layer covering 
an electroplished aluminum electrode surface (I ~ 1 A/cm2). 
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Fig. 4. (a, top) Pull force (per unit length of the three-phase line) vs. 
time curve for an aluminum electrode in 1M H2SO4 for V - 1.0V vs. 
SCE, immersed in a meniscus formed by the described cell. (b, bottom) 
Aluminum electrode immersed in a flat liquid surface. 
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Fig. 5. Pull force (per unit length of the three-phase line) vs. time curve for an aluminum electrode in 1.0M H2S04 for a constant electrode polar- 
ization (a, left) V = 2.5V vs. SCE (b, right) V = - 1.0V vs. SCE. 
side a t ight  Plexiglas box 20 • 50 • 59 cm 3 to e l iminate air 
v ibrat ions  and to al low the use of a control led atmosphere.  
Analyt ical -grade reagents were used w i thout  fur ther  puri- 
f ication. For  oxygen-free measurements ,  an argon over- 
pressure  of 20 mm of water  p revented  air f rom gett ing in- 
side the box. Solut ions were deaerated wi th  u l t rapure  
argon (U-grade) for at least 60 min. Aqueous  H2SO4 was 
prepared  wi th  twice-dist i l led water. The countere lectrode 
was a p la t inum 99.99% pure mesh  wi th  a submerged area 
at least 20 t imes greater than  the area of the electrode tip. 
The reference lectrode was a saturated calomel electrode 
(SCE). The current  was appl ied between the Pt  and the 
work ing  electrode (WE), and the electrode potent ia l  was 
moni tored.  This EMF is fed back  in the potent iostat  to 
ma inta in  the WE vs .  SCE voltage constant.  
F resh  electrodes and fresh solut ions were used in every 
run. The temperature  was held at 25 ~ ___ 1~ by an air ther-  
mostat.  The work ing electrodes were 99.9% a luminum 
wires wi th  a 2 mm diam (Varian). The impur i t ies  detected 
by x-ray microprobe  analysis were main ly  sil icon. The 
samples  were mechanica l ly  pol ished wi th  emery paper  
(grits 80, 140, 360, 500, and  1600) in order the remove me- 
chanica l  inhomogene i t ies  and then  washed wi th  chemical  
soap and  water  and r insed wi th  analyt ical  grade methanol .  
The samples  were then  e lectropol ished in a solut ion of eth- 
anol and perchlor ic  acid (50:3). The solut ion temperature  
was 25~ and the cur rent  dens i ty  2 mA/cm 2. A second elec- 
t ropol ish ing procedure was appl ied on a few samples.  In 
this  case the solut ion was a 20% perchlor ic  acid solut ion in 
methano l  and current  densit ies of 1 A/cm 2 were used. 
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Fig. 6.  Synchronous component of the pull force (per unit length of 
the three-phase line) vs. time and the corresponding potential-time and 
current-time curves for an aluminum electrode in a 1.0M H2504 so- 
lut ion.  
The topography and compos i t ion  of the electrodes were 
examined by scann ing  electron microscopy.  The pictures 
were obta ined by secondary e lectron imaging and  the 
compos i t ion  by x-ray microanalys is  us ing a beam energy 
of 30 keV. S ince the x-ray produc ing  regions in the sample 
are about  2 ~m wide, it is poss ib le to character ize sepa- 
rately di f ferent regions of the  surface. 
Results 
Init ial ly we invest igated the nature  of the depos i ted 
fi lms on e lectropol ished a luminum samples.  The electrode 
pol ish ing cur rent  was 1 A/cm 2 and  the electrolyte a 20% 
perchlor ic  acid solut ion in methanol .  F igure 3 shows a 
SEM photograph of an e lectropol ished electrode surface. 
The photograph shows a th in  cracked layer cover ing the 
electrode surface. Microprobe x-ray analysis showed this 
th in  layer mater ia l  to be a luminum oxide. This oxide is not  
removed when the electrode is polarized at the hydrogen 
evolut ion react ion region probably  because the gas evolu- 
t ion takes place main ly  ins ide the cracks; consequent ly  
the electrode wettabi l i ty shows only a weak  dependence  
on the electrode polar izat ion f r h igh current  electropol-  
ished samples.  For  the exper iments  that  follow, the 
samples  were e lectropol ished with a low current  densi ty  
and in a solut ion of methano l  and perchlor ic  acid (50:3). 
F igures 4a and b show the effect of the shape of the liq- 
u id  men iscus  on the measured  pul l  force. F igure 4a is a 
plot of the pul l  force act ing on the electrode by a flat l iquid 
surface whi le Fig. 4b shows the pull force on the electrode 
in contact  wi th  a curved surface. The di f ference between 
them is the background signal. The curve shown in Fig. 4a 
reaches a value of 10% of the final value after approxi-  
mate ly  10 min  whi le  Fig. 4b does not  seem to stabil ize in 
the measured  interval. 
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Fig. 7. Same experiment as shown in Fig. 6 but using a 15% H2S04 
solution. 
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Figures 5a and b show pull  force vs .  t ime results  for an 
a luminum electrode polarized at a constant  potential .  This 
is the usual  method appl ied to noble  metals  (5). F igure 5a 
shows the measured  pull  force for an electrode polarized at 
2.5V vs .  SCE. At this  potent ia l  there is oxygen evolut ion at 
such a smal l  rate that  bubb les  do not  affect the ba lance 
reading. The measured  signal reaches an a lmost  constant  
value after a few minutes  but  then  increases drastical ly; it 
is imposs ib le  to assign a stable va lue  to the measured  
force. A s imi lar result  is obta ined if the electrode is polar- 
ized at the  hydrogen evolut ion region; a steady-state value 
is not  obta ined (Fig. 3b). This shows that  there  are signifi- 
cant  var iat ions of the  pul l  force at the l iquid-electrode in- 
terface where  both  electrode and solut ion seem to be un- 
dergoing chemica l  change. Another  fact is probably  the 
accumulat ion  of react ion products  over the electrode. The 
unreso lvable  xper imenta l  results  shown in Fig. 5a and b 
led us to use an al ternate lectrode polarization method.  
On a luminum electrodes there is always present  an 
oxide coat ing even after pro longed evolut ion of hydrogen 
(22). E lectrode wettabi l i ty  var iat ions between this ad jacent  
to the meta l  surface oxide coat ing (AMOC) and  the coat ing 
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Fig. 8. Synchronous component of the pull force (per unit length of 
the three-phase line) vs. time curve for an aluminum electrode in (a, top 
left) 0.3M H2S04; (b, top right) O.5M H2S04; (c, center left) 1.0M 
H2S04, (d, above) 1.68M HzS04 and (e, left) 2.0M HzS04 solutions. 
formed at anodic polar izat ion were then  measured.  Pure  
a luminum in 1M H2SO4 was periodical ly cathodized and 
anodized (10 min  each) fol lowing the potent ia l  wave shape 
shown in Fig. 6. The t ime-dependent  appl ied electrode po- 
tent ia l  is shown at the lower part  of each exper imenta l  
curve; the resul t ing current  is also indicated. A similar ex- 
per iment  was per formed for a 15% H2SO4 solution. The re- 
sults are shown in Fig, 7. 
The potent ia l  periodic waveform generates a synchro-  
nous  wettabi l i ty signal. In  these exper iments ,  per formed 
wi th  deaerated solutions, the pull  on the electrode in- 
creases in the 02 evolut ion region, in wh ich  a luminum is 
anodized, and decreases concurrent ly  wi th  H2 release. 
The synchronous  components  of the pull force meas- 
ured for 0.3, 0.5, 1.0, 1.68, and 2.0M H2SO4 solut ions are 
shown in Fig. 8a-e. The var iat ion of the pull  force wi th  
e lectrode polar izat ion shows a strong dependence  on the 
acid concentrat ion.  
F igure 9 shows a plot of the measured  pull  force ob- 
ta ined for a pure a luminum electrode in a 1M KC1 solution. 
The signal is repet i t ive for at least four cycles (80 rain). Its 
ampl i tude  var iat ion is comparab le  to the signal obta ined 
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Fig. 9. Pull force (per unit length of the three-phase line) vs, time 
curve for an aluminum electrode in 1M KCL solution. 
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for 1M H2SO4 solutions. The experimental curve shows 
that there was a continuous rise of the meniscus while this 
signal was recorded. 
We further decided to investigate the A~ effect for mer- 
cury, a metal which has scientific as well as technological 
interest, e .g . ,  in the chlor-alkali industry. Instead of meas- 
uring wettability changes on a mercury droplet surface, we 
chose to cover an iron electrode surface with a mercury 
layer, thus investigating the A~ effect with our experimen- 
tal setup. This was done as follows: For an iron electrode 
polarized at the hydrogen evolution reaction potential 
(-050 mV vs .  SCE), a 0.05 ml droplet of a 0.1M solution of 
HgC12 was added to the meniscus olution. The resulting 
measured pull force is shown in Fig. 10. The initial in- 
crease in the recorded pull force is due to the movement 
induced at the meniscus urface by the addition of the 
droplet. Since the iron electrode is polarized cathodically, 
the Hg ions being reduced on the electrode surface will 
cover it with an Hg layer. This is measured as  variation of 
the pull force exerted by the electrolyte. Visually we ob- 
serve that the electrolyte was expelled from the contact 
with the newly amalgamated electrode surface at the me- 
niscus region. If the potential is now switched to the oxy- 
gen evolution region, the meniscus returns to its original 
position, showing that the oxidized amalgamated surface 
is also more wettable than the surface at the H2 evolving 
potential. It is worth mentioning that for the amalgamated 
electrode the measured h~ effect is about three times the 
value obtained for aluminum electrodes, howing clearly 
that this effect is not restricted to aluminum surfaces. 
At each potential variation for aluminum electrodes in 
H2SO4 solutions, the contact line between the solution and 
the rod was renewed by the meniscus's continuous rise at 
an average rate of approximately 1 ~tm/s. This rise is meas- 
ured both by the dc component of the recorded signal and 
by the projected image of the meniscus region, as previ- 
ously described (18). 
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Fig. 10. Pull force (per unit length of the three-phase line) vs. time 
curve far an iron electrode in 1M H2S04 solution polarized at -600  mV 
vs. SCE; t = 0 indicates the time of addition of 0.05 ml of 0.1M HgCI2 
to the meniscus region. 
The pull force change corresponding to the formation or 
dissolution of the aluminum oxide layer is negligible. It 
corresponds to 1% of the measured synchronous ignal 
amplitude for the formation and 3% for the dissolution of 
the oxide layer. 
Discussion and Conclusions 
In the experiments described in this work, a continu- 
ously renewed metal surface is obtained at the meniscus 
region. The measured pull force synchronous with the ap- 
plied potential is a measurement of the variation of the 
wettability of aluminum electrodes polarized at two differ- 
ent states: 2.50V vs .  SCE (at which 02 is formed) and - 1.0V 
vs .  SCE (at which H2 is formed). This measured wettability 
difference corresponds to the transition AMOC4o- 
anodized electrode surface, where the potential is respon- 
sible for the change in the nature of the electrode surface. 
Figures 6 and 7 show that the balance response to the po- 
tential switching depends trongly on the direction of the 
potential change. Rapid wettability change is measured 
when the electrode is switched to the cathodic potential. 
Conversely, the pull force increases slowly after setting the 
potential to the anodic potential. This is evidence of the 
fact that the metal-liquid surface tension is sensitive to the 
applied potential, only through its effect on the chemical 
composition of the interface. When the electrode is 
switched to the anodic potential there is only the AMOC 
on the metal surface and an almost null aluminum ion con- 
centration in the solution adjacent to the electrode. At this 
potential the aluminum surface begins to dissolve at very 
high rate giving rise to a large initial current pulse. Then 
the dissolution rate decreases rapidly and stabilizes at a 
value that decreases for each cycle, as shown by the cur- 
rent vs .  time curves in Fig. 6 and 7. The shape of the initial 
current spike suggests that during its duration the elec- 
trode surface becomes covered with an anodic film as ob- 
served under SEM. The pull force exerted on the balance 
increases quite slowly for a few minutes while the concen- 
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Fig. 1 ]. Unbolonced Young force vs .  H2S04 concentrotion curve 
tration gradient of the reaction products is established 
about the lectrode surface. The measured change in the 
electrode wettability corresponds then to an electrode sur- 
face in contact with an acid medium whose components 
vary from an almost pure sulfuric acid solution (almost 
zero aluminum ion concentration) to a saturated alumi- 
num sulfate-sulfuric acid solution (saturated aluminum 
ion concentration). From this observation we can conclude 
that pull force variations measure changes in the solid- 
liquid surface tension due to changes in the solution com- 
position during nonequilibrium processes involving elec- 
tric charge transfer across the solid-liquid interface. In 
other words, this method allows us to evaluate O'y/oC deriv- 
atives Tor nonpolarizable solid-liquid interfaces by con- 
sidering the ratios between the pull force variation and the 
saturated aluminum ion concentration. 
The variations of the unbalanced Young force 
h~ = ~h~h(cos 0),for various H2SO4 concentrations, are com- 
pared and shown i  Fig. 11. This curve is similar to the one 
obtained for iron electrodes in sulfuric acid solutions. A
much stronger variation of wettability is, however, ob- 
tained for Hg amalgamated lectrodes, where the variation 
of pull force for the electrode evolving hydrogen and oxy- 
gen was 30 dyne/cm, while for aluminum it reaches around 
9.4 dyne/cm for 1M H2SO4 solutions. 
Aluminum samples electropolished with high current 
densities (-1 A/cm 2) have awettable oxide layer coverage, 
as shown in Fig. 3. A wettability of the newly deposited 
oxide higher than that of AMOC means a lower oxide sur- 
face tension than that of AMOC and consequently a high 
oxide adherence to the supporting electrode (23). 
Figure 11 shows why aluminum anodization requires 
highly uniform electrolyte concentrations: local concen- 
tration changes induce fluctuations in surface wettability 
and interracial tension gradients. These cause mechanical 
tensions in the oxide coating, contributing to its instabil- 
ity. For a concentration higher than 15% H2804, induced 
local concentration variations result in a minimum of in- 
terfacial tension gradients, as shown in Fig. 11; conse- 
quently this condition provides the desired characteristics 
for aluminum anodization. 
In conclusion, the method reported here uses the gradi- 
ent of wettability induced by chemical reactions for gener- 
ating a continuous displacement of the meniscus; co~ise- 
quently it averages the surface stresses along the sample. 
The data obtained for aluminum and amalgamated lec- 
trodes show that metal-liquid surface tension is sensitive 
to the applied potential mainly through its effect on the 
chemical composition of the interface. We also found that 
the wettability of aluminum surfaces depends on electro- 
lyte concentration, i  agreement with the previous results 
for iron electrodes in sulfuric acid solutions (20, 21). 
Acknowledgment  
The authors would like to thank J.R. de Castro for 
technical assistance. One of us (M. U. Kleinke) is grateful 
to FAPESP for financial support. 
Manuscript submitted April 14, 1989; revised manu- 
script received Aug. 26, 1989. 
REFERENCES 
1. G. Gouy, J. Phys., 9, 457 (1910). 
2. D. L. Chapman, Philos. Mag., 25, 475 (1913). 
3. O. Stern, Z. Elektrochem., 30, 508 (1924). 
4. J. O'M. Bockris, M. A. V. Devanathan, and K. Muller, 
Proc. R. Soc. London, Ser. A, 274, 55 (1963). 
5. A. N. Frumkin, This Journal, 107, 461 (1980). 
6. G.M. Schmid and N. Hackerman, ibid., 109, 243 (1962). 
7. G.M. Schmid and N. Hackerman, ibid., 110, 440 (1963). 
8. R. S. Perkins and T. N. Anderson, in "Modern Aspects 
of Electrochemistry," Vol. 5, J. O'M. Bockris and 
B.E. Conway, Editors, Plenum Press, New York 
(1969). 
9. S. Trasatti, Mater. Chem. Phys., 12, 507 (1985). 
10. R. A. Fredlein and J. O'M. Bockris, Surf. Sci., 46, 641 
(1974). 
11. K. F. Lin and T. R. Beck, This Journal, 123, 1145 (1976). 
12. J. O'M. Bockris and R. Parry-Jones, Nature, 171, 930 
(1953). 
13. I. Morcos, J. Colloid Interface Sci., 37, 410 (1971). 
14. D. D. Bode, T. N. Andersen, and H. Eyring, J. Phys. 
Chem., 71, 792 (1967). 
15. V. Jendrasic, J. Electroanal. Chem., 22, 157 (1969). 
16. J. O'M. Bockris, S. D. Argade, and E. Gileadi, Electro- 
chim. Acta, 14, 1259 (1969). 
17. O. J. Murphy and J. S. Wainright, This'Journal, 135, 
138 (1988). 
18. O. Teschke, F. Galembeck, and M. A. Tenan, ibid., 132, 
1284 (1985) and O. Teschke, D. M. Soares, F. Galem- 
beck, and M. A. Tenan, Langmuir, l, 713 (1985). 
19. O. Teschke, F. Galembeck, and M. A. Tenan, ibid., 3, 
400 (1987). 
20. O. Teschke, M. U. Kleinke, and F. Galembeck, This 
Journal, 135, 2188 (1988). 
21. O. Teschke, M. A. Tenan, and F. Galembeck, J. Colloid. 
Interface Sci., 127, 88 (1989). 
22. G. E. Thompson and G. C. Wood, in "Treatise on Mate- 
rials Science and Technology," Vol. 23, J. C. Scully, 
Editor, Academic Press, Ltd., London (1983). 
23. To be published. 
) unless CC License in place (see abstract).  ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 143.106.108.134Downloaded on 2015-06-25 to IP 
